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The regulation of T cell activation via engineered arrays holds significant biomedical potential. While
average antibody density is known to influence T cell activation, antibody clustering has shown limited
benefits. This study challenges this perspective through combined experimental and theoretical
approaches. By employing nanolithographically patterned arrays, we show that full T cell activation is
achievable with a small number of densely packed antibody clusters—even at average densities where
homogeneous or sparsely clustered distributions are insufficient for full activation. These results align with
the membrane-fluctuation model that considers cooperative bonding and mechanical feedback. Our
findings highlight the importance of the spatial organization of activating ligands and provide a framework

for designing improved T cell activation platforms for immunotherapy.
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T cells—key players in adaptive immunity, recognize pathogens by binding antigens on cell surfaces
via T cell receptors (TCRs). Activation of T cells requires two signals: TCR binding to antigen-MHC complexes
on antigen-presenting cells (APCs) and costimulatory binding of CD28 receptor to ligands like B7-1. This
triggers a signaling cascade leading to T cell activation, proliferation, differentiation into effector T cells and
generation of memory T cells. Understanding T cell activation is crucial not only for the fundamental
understanding of T cell immunity but also for advancing new immunotherapies. For example, the generation
of chimeric antigen receptor (CAR) T cells! requires ex vivo T cell activation, which significantly affects the
efficiency of CAR transduction and the proliferation of engineered T cells.>*

Ex vivo, T cells are typically activated by stimulating TCR/CD3 and CD28 with antibodies, either in
soluble form or bound to artificial antigen-presenting surfaces like plastic microbeads. While both ligand—
receptor and antibody-receptor interactions trigger the same signaling pathways, key differences remain;
notably, the lower affinity and fast kinetics of ligand—receptor binding enable serial triggering, where one ligand
can activate multiple TCRs.® High-affinity antibody—receptor binding prevents serial triggering, leading to
distinct spatial requirements for T cell activation compared to ligands®. Proposed mechanisms of T cell
activation are based on: (i) TCR conformation change upon ligand binding,’ (ii) kinetic segregation,®® where
exclusion of large inhibitory phosphatases from tight receptor-ligand region shifts the kinase—phosphatase
balance, and (iii) TCR clustering that increases the concentration of signaling molecules.’®!* These clusters
may grow from a few hundred nanometer size in early stages'?** to few microns in mature T cell contacts with
the target cell.**® The clustering, even at very low ligand concentrations,’ is promoted by the mobility of
ligands and receptors within the cell membrane, optimizing activation.’® Even so, ex vivo activation
platforms, like antibody-coated microbeads—the standard in T cell production—use static antibodies,
fixing the position of bonded receptors.'®?2 Besides the simplicity of production, the preference for ex-
vivo T cell activation platforms with a homogeneous distribution of antibodies stems from the lack of
consensus on the role of molecular clustering in T cell activation (reviewed in Ref. 2%).

The pre-existence of nanoscale clusters of TCR in resting T cells, however, remains controversial? and
the mechanism and role of clustering is still highly debated.?*?* So far, self-assembled continuous arrays of
ligands or antibodies were used to demonstrate the importance of their distribution for activation.?¢2
However, these arrays could not differentiate between the effects of overall density and clustering. Arrays
with independently varied clustering and density revealed spatial control of receptor binding but found no
impact of TCR clustering on T cell spreading.?® Importantly, these studies did not assess the effects of
antibody/ligand clustering per-se on T cell response, and focused on activating signaling, neglecting the
costimulatory CD28 signaling.

In this work, we focus on understanding the consequences of joint presentation of anti-CD3 and anti-
CD28 antibodies in T cell activation, and on resolving the effects of surface density and clustering of these

antibodies. We first correlate T cell activation and cytotoxic function with the global density of the two
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homogeneously distributed proteins and determine the threshold homogeneous density at which T cell
activation cannot be determined. Fixed at this global density, we then engineer arrays with antibodies grouped
into dense and sparse clusters of varying sizes. This allows us to unambiguously identify the compensatory
effects of clustering. Surprisingly, we find that for the same low global density of antibodies, tightly packed
small clusters induce full T cell activation, while either homogeneously distributed antibodies or antibodies
grouped into differently sized diluted clusters have no effect (Fig. 1). These findings are explained by the
Membrane Fluctuation Model (MFM) which links antibody-receptor recognition to cellular activity.?® Our
results highlight the critical role of nanoscale antibody clustering in regulating T cell responses, offering

insights into immunity and biomaterial design for immunomodulation.
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Figure 1. Schematic plot of T cell binding to the substrate with controlled distribution of antibodies. Cell
activation is not achieved when antibodies are homogeneously distributed (left panel) or grouped into diluted
clusters (middle panel) over the surface at low global densities. As presented on the right panel, full T cell
activation is achieved by binding to the substrate with the density of antibodies that is the same as on left panel,
but now antibodies are clustered in very dense small clusters

To establish a baseline for studying the effects of antibody density and clustering on T cell activation,
we first examined the T cell activation by surfaces coated with homogeneously distributed a-CD3/a. and CD28
at a ratio of 1:1. The surfaces were produced by functionalizing silicon with (3-Aminopropyl)tiethoxysilane
(APTES), followed by the attachment of polyethylene glycol (PEG)-carboxylic acid terminated with
biotin, to which biotinylated antibody mixtures with different dilutions were attached through a
neutravidin bridge. Three types of surfaces were used: surfaces with 100% antibody coverage, and surfaces
with a-CD3/a-CD28 diluted with human immunoglobulin G2 (IgG2a) at 1:10 and 1:100 ratios. By considering
discoid antibody footprint of 5 nm diameter and densely packed antibody arrangement,? we estimate that this
produced global a-CD3 and a-CD28 densities of ~400, ~4000, and ~40 000 antibodies/um? (Fig. 2 a,b).

Peripheral Blood Mononuclear Cells (PBMCs) from a healthy donor were used as a source of T cells.
The PBMCs were seeded onto patterned surfaces in 96-well plates, stimulated, and then stained for CD3, CD4,
CD8, for flow cytometry analysis. The activation was assessed by flow cytometry using two markers: CD69
after 18 hours of stimulation, and CD107a (degranulation marker) after 4 hours of stimulation. As expected,

the lowest a-CD3 and a-CD28 density produced only ~40% CD69-positive cells, compared to ~80% for
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surfaces at full a-CD3 and a-CD28 coverage. CD107a expression in CD8+ cells was only ~2% at the lowest
density versus ~25% at the highest, with negligible degranulation in CD4+ T cells due to their non-cytotoxic
nature. This suggests that our lowest homogeneous density is insufficient to fully activate T cells. However,
the activation gradually increases with density until fully activated cells are observed at surfaces continuously
covered by antibodies, consistently with activation observed using only a-CD3.% Also, similar trend of
activation vs. antibody density was observed using IFN-y assessed by ELISA after 18 hrs. of activation,
although with less pronounced differences between various densities, likely to the contributions of other cells
presenting in PBMCs (Fig. S1).
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Figure 2. a) Schematic plot of surface covered with continuous array of antibodies. For 100% continuous
array, the surface is fully covered with a-CD3 and a-CD28 antibodies (schematically denoted as orange and
blue dots, respectively). For 10% continuous array, only 10% of antibodies are a-CD3/a-CD28. The remaining
antibodies are 1gG2a isotype controls, which do not bind T cells, schematically denoted with white circles. For
1% continuous array, only 1% of antibodies bind to T cell. Finally, for negative control (NC) there are no
antibodies on the substrate. b) Schematic illustration of the surface covered with antibodies for 10% and 100%
continuous arrays. ¢) Experimentally measured quantification of CD69 expression for CD4" cells stimulated
on negative control (NC) and continuous arrays (1%, 10%, and 100%) with various dilutions of binding
antibodies. d) Experimentally measured quantification of CD69 expression for CD8" cells stimulated on
negative control and continuous arrays. €) Experimentally measured quantification of CD107a expression for
CD8* cells stimulated on negative control and continuous arrays.

Following this initial observation, we selected the 1:100 (a-CD3/a-CD28):19G2a dilution as a

benchmark for full T cell activation, to examine the potentially compensatory effect of antibody clustering.
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To that end, we designed a series of arrays of disk-shaped antibody clusters, maintaining the 1:100 (a-
CD3/a-CD28):1gG2a dilution within each disk. Disk sizes ranged from 100 nm to 1 pum, with center-to-
center spacing set at twice the disks diameter (Fig. 3a, patterns A-D). In all these configurations, despite
different sizes and separations, disks, and therefore the antibody clusters occupied approximately 23% of
the total surface area, resulting in a theoretical global a-CD3/a-CD28 density of ~90 antibodies/um?.

These arrays (A-D) were created using nanosphere lithography, an ideal method for producing dense
nanoscale patterns.®® Polystyrene nanospheres were assembled into a closely packed hexagonal monolayer on
a silicon surface, using either the Langmuir—Blodgett method for 200 nm spheres or a dry method for larger
spheres.®! The spheres were etched by oxygen plasma to halve their diameter, followed by gold evaporation in
the interstices of the nanosphere array Nanosphere lift-off created a hexagonal array of silicon discs surrounded
by a gold background (Fig. S2). This results in a set of patterns which we denominate with three indices
[disk diameter in nm / disk periodicity in nm / percentage of a-CD3/a-CD28 in the antibody mix within
the disk]. As shown in Fig. 3a, pattern A, noted [100/200/1] yields 29 disks /um?, pattern B [250/500/1]
4.6 disks/um?, pattern C [500/1000/1] 1.2 disks/um?, and pattern D [1000/2000/1] 0.29 disk/um?. These
designs allow us to assess if the introduction of a particular length scale in the antibody organization
affects T cell activation.

Also, to investigate the role of local antibody density within clusters, we designed a pattern of
disks as small as in pattern A (100 nm) but separated by 2 um (Fig. 3a, pattern E, and Fig. S3). In these
100 nm disks, the antibodies were not diluted, i.e. contained 100% a-CD3/0-CD28, and thus mimicked
the dimensions of receptor clusters in resting T cells.?® For pattern E [100/2000/100], the 10-fold larger
distance between the clusters was designed to keep the global density of ~90 antibodies/um? as in
patterns A-D. This pattern, denominated as pattern E [100/2000/100] with 0.29 disks /um?, was produced
by electron-beam lithography of negative tone resist, which was followed by gold evaporation and liftoff.
Notably, a T cell with a typical spreading area of 5-10 um? can be exposed only to one or two such
clusters on average.

Finally, along the same line of thought that the density of proteins within clusters and not the
cluster size itself or the number of clusters affects activation, we prepared a pattern with a geometry
identical to that of cluster A, but increased the concentration of a-CD3/a-CD28 to 10% by 1:10 (a-
CD3/a-CD28):1gG2a dilution (pattern F [100/200/10], achieving an average density of ~900
antibodies/um? and 29 disks/um?). All patterns, regardless of their fabrication methods, were functionalized
by various mixtures of a-CD3/a-CD28 and IgG2a, which were linked to oxidized silicon nanodiscs via
APTES, PEG, and biotin chemistries. The surrounding gold was passivated by PEG to prevent non-specific

binding. Biofunctionalization specificity was confirmed by confocal microscopy (Fig. 3 c¢,d).
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Figure 3. a) Schematic plots of the patterns used in our study. Each pattern is described with three numbers:
[distance between neighboring clusters in nm/diameter of each cluster in nm/dilution of the antibodies in
percentages]. Patterns A, B, C, D, and E have the same overall density of antibodies ~90 um-2. Pattern F
has a density of ~900 um2. b) Schematic plots of the patterned substrates with attached antibodies. ¢) High
resolution image of clusters of antibodies visualized through the green fluorescently-tagged neutravidin.
Scale bar : 1 um. d) Fluorescent image of 100 nm antibody clusters separated by 2 um. Scale bar : 2 um.
e) Fluorescent microscopy of T cells spread on an array of antibody clusters. Avidin used for binding the
antibodies to silicon surfaces was tagged with green, and the cells were tagged with red phalloidin for
cytoskeleton and blue DAPI for nucleus. Scale bar: 5 um f) Scanning electron micrograph of T cell spread
on the nanoarray. Scale bar: 5 pm
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Figure 4. CD4+ and CD8+ activation on different patterned substrates. (a)—(f) Representative
examples of flow cytometry measurements for CD69 (a,b) and CD107a (c-f) expression for patterns
A [100/200/1] (a,c,e) and E [100/2000/100] (b,d,f). Experimentally measured quantification of
CD69 expression for CD4* (g) and CD8" (h) cells stimulated on various patterned substrates. (i)
Expression of CD107a for CD8" cells stimulated on various patterned substrates.




We then studied T cell activation on surfaces with co-clustered a-CD3 a-CD28. As in baseline
experiments, PBMCs from a healthy donor were plated on antibody-patterned surfaces, fixed, and stained for
cytoskeletal and nuclear markers (Fig. 3e). Fluorescence and electron microscopy confirmed T cell spreading,
tight contact with clusters, and formation of nanometric protrusions resembling microvilli®2®, Activation
was assessed by CD69 (18 h) and CD107a (4 h) expression via flow cytometry (Fig. 4a—f), with PEG-coated
gold as a negative control. Patterns A-D, despite presenting many 100 nm clusters, showed minimal CD69
expression—similar to low-density continuous coatings—indicating no clustering compensation at this
global density. In contrast, pattern E, featuring small, widely spaced but tightly packed clusters, significantly
increased CD69 expression in both CD4+ and CD8+ cells (Fig. 4g,h), outperforming even pattern F, which
had tenfold higher antibody density. In fact, pattern E’s activation level approached that of densely coated
homogeneous surfaces.

The interplay between global a-CD3/a-CD28 density and clustering is even more pronounced when
examining CD107a. The difference between the A-D and E configurations resulted in more than a tenfold
increase in the percentage of CD8" cells expressing CD107a (Fig. 4i), providing a level of activation larger than
pattern F, and not showing significant differences to a continuous, fully packed surface. This demonstrates
that while a low global antibody density may be insufficient for full T cell activation when antibodies are
randomly distributed, confining them into dense clusters can compensate for this limitation. Furthermore,
this shows that the size of the cluster is not definitive for T cell activation but that it is enough to create a
small number of stable bindings.

It is noteworthy that here, as in our previous work,* we used PBMCs, which, in addition to primary
T cells, also contain various amounts of NK cells, APCs and B cells. However, both our continuous array
and patterned surfaces were coated with a-CD3/a-CD28, and were therefore T cell-specific, thus ensuring
a minimal effect of these surfaces on other cell types present in the PBMC population. This, in turn,
ensured a minimal impact of other cell types on T cells across different used activation surfaces. This is
confirmed by the consistently significant differences in CD69 and CD107a levels between surfaces with
and without a-CD3/a-CD28, thus ensuring the negligible effect of other cell types on the CD69 and
CD107a signals produced by T cells.

These observations can be rationalized by adapting the so-called Membrane Fluctuation Model
(MFM) for immune cell activation (Fig. 5a) originally conceived for natural killer cells.% In essence,
MFM captures the dynamic coupling between the ligand—receptor binding and the activity of the cell
through a mechanical feedback (Fig. 5b), while the rates for binding and unbinding directly depend on the
proximity of neighboring ligand(antibody) —receptor constructs. The model assumes that the activation
is proportional to the density Vof ligand—receptor bonds of the cell, which, in the stationary state, is given
by v = oK./ (K. + K,,), with @ denoting antibody density, and K, and K being average binding
and unbinding rates, respectively. These average rates are calculated from the first principles assuming
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bonds to be springs with defined stiffness and rest length (see Sl for details), while the averaging is
performed over possible surface binding sites and bond distributions.*
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Figure 5. a) Schematic plot of the biomechanical feedback loop in Membrane Fluctuation Model. Binding of
receptors on the membrane of T cell is increasing activity of the cell and, as a result, membrane fluctuations
are increasing which promotes further binding. b) Schematic comparison of the binding process for inactive
(left side) and active cell (right side). For active cell the fluctuations of the membrane are stronger (as
illustrated in top part of the scheme). As a result, both binding rate K,, and probability p,, of binding of
next receptor is increased. c) Numerical simulations of activity of cell assuming there is no
biomechanical feedback (and thus only inactive fluctuations are present) for continuous arrays (top part)
and for all the patterns presented in Fig. 3a. d) The same results as on panel ¢) but with the mechanism
of biomechanical feedback increasing the cell membrane fluctuations.

MFM was first applied to homogeneous antibody distributions, showing that T cell signaling
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increases with global antibody density (Fig. 5c,d, top). However, only when mechanical feedback was
included—Iinking cell activity to the fraction of bound antibodies rather than average density—did the
model align qualitatively with experimental results (see SI for a more detailed discussion). The lowest
probed density of ~400 antibodies/um? produced the lowest percentage of bounded receptors, which
initiated partial biomechanical feedback and could not induce full activation. Yet, the activity of the cell
increases between ~400 and ~4000 antibodies/um?, until it reaches saturation between ~4000 and 40 000
antibodies/um?. This highlights the fact that activation is indeed a process in which the dynamic evolution
of the number of formed bonds influences the state of the cell and consequently, the state of the membrane.
We, furthermore, conclude that undiluted arrays provide an excess amount of activating and costimulatory
signal.¥’

Encouraged by this agreement, we applied the MFM model to patterned surfaces (Fig. 5c,d,
bottom). As in experiments, diluted patterns failed to trigger mechanical feedback, while dense clustering
of antibodies—even at low global densities—enhanced binding rates and bond stability, activating T cells
through a proximity-driven feedback loop (Fig. 5b). MFM shows that the binding and unbinding rates
(Kon, Korr respectively) are directly coupled to the membrane configuration and are explicit functions of
the average height and the fluctuation amplitude, while the latter increases with the cell activity following a
logistic function.®® Following previous arguments, TCR receptor binding induces transversal proximity
between the T cell and a target cell, but away from the bond, the gap between the two membranes is set
by the size of large phosphatase molecules.®®* This is directly implemented in the MFM model by setting
the size of the ligand-receptor bond and the parametrization of the gap. MFM model shows that both the
deformation of the membrane due to antibody binding and the change of fluctuations due to change in
activity is necessary to initiate biomechanical feedback.

The result is strongly increased binding close to an existing bond in a transversal proximity of
about 40 nm*42 due to the finite lateral correlation length of the membrane.® This further facilitates
the formation of more similarly sized ligand-receptor bonds around already formed bonds.** The
accumulation of these bonds can counteract the repulsive forces between the membranes, further
stabilizing the bonds, even in an activated state.*® The formation of bonds triggers the signaling and
initiates the activation process, which, in turn, changes the state of the cell, enhancing the cytoskeleton
dynamics, cytoplasmic flows and/or ion channel activity among other processes. The ensemble of
these processes boosts the dynamics of the membrane, which is reflected in increasing fluctuation
amplitudes with activation.?>3° In turn, a change in membrane fluctuations leads to changes in the
binding and unbinding rates, hence serving as mechanical feedback. Nearby receptors on the
membrane are affected in a geometry-dependent manner, yielding strong correlations that promote
further binding. Hence, the amplification process ensues until the number of bonds and the activity

of the cell saturates in a new steady state. Therefore, even though a certain global antibody density
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could be insufficient for full T cell activation if the antibodies are randomly distributed over the
surface, a compensatory effect can be achieved at the same density if the antibodies are grouped into
clusters. Interestingly, these small cluster sizes and large periodicity mimic the ligand—receptor nano-
clusters observed at the physiological interface between T cells and target cells.*®

In summary, our study demonstrates that clustering plays a central role in regulating T cell
activation, particularly at low ligand or antibody densities—a finding well accounted for by the membrane
fluctuation model. This model highlights membrane elasticity as a key contributor to the clustering
mechanism while integrating the well-established increase in cytoskeletal dynamics in activation. The
resulting rapid actin remodeling, cytoplasmic flows, and enhanced membrane trafficking significantly
modulate membrane fluctuations, owing to the membrane’s low bending stiffness. A critical next step will
be to directly correlate T cell binding dynamics with quantitative measurements of membrane state.
Experimentally, this could be done, for instance, by combining dynamic optical displacement spectroscopy
with super-resolution microscopy, alongside precise control of photobleaching. An alternative approach
could involve reflection interference contrast microscopy operated in dynamic fluctuation mode; however,
without accounting for the evolution of the refractive index, this method would only provide relative
amplitude measurements. Although such simultaneous measurements present substantial technical
challenges, they remain a crucial objective for future work, as they would provide definitive evidence of
the role of cell mechanics in T cell activation.

Additional research should, furthermore, combine clustering with additional mechanical cues, such
as the viscoelasticity*’~*° and nanoscale topography®1°2-5 of the surface to which the molecules are tethered.
This is possible by using reductionist platforms that controllably alter each of these parameters® while
combining them with patterning methods,”®*®% which today are achieving control at the individual
molecule level.®%-¢2 Such sophisticated platforms will offer valuable insights into the forces exerted by cells
and their correlation with immune responses. This will lay the foundation for optimizing mechanical stimuli
and drive significant progress in understanding the physical mechanisms underlying T cell activation.

We believe that, beyond providing insights into the fundamental mechanisms of T cell activation,
our findings pave the way for the development of next-generation T cell priming platforms for clinical
applications, such as adoptive T cell transfer and Chimeric Antigen Receptor (CAR) T cell immunotherapy.
Current T cell priming approaches—such as those based on beads coated with activating and costimulatory
antibodies—deliver a maximal dose of stimulation due to the uncontrolled and dense distribution of surface-
bound antibodies. However, it is increasingly evident that excessive stimulation does not necessarily yield
optimal antitumor potency®®, as overstimulation can lead to rapid T cell exhaustion. By further exploring
the strategy of tuning activation through antibody clustering, one could design immunotherapeutic priming
platforms in which activating and costimulatory molecules (e.g., receptor-specific ligands or antibodies)

are presented in well-defined nanoclusters with controlled size and spacing. According to our findings, this
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approach could maintain an overall low stimulus level per T cell while still enabling adequate activation—

sufficient for effective transfection with artificial receptors and for expansion to clinically relevant cell

numbers—while minimizing exhaustion and prolonging antitumor effects.

Finally, T cell priming platforms could harness this newly generated understanding of the

importance of molecular clustering in synergy with other mechanical stimuli. We have already

demonstrated that tuning the microtopography and elasticity of the surface enables the production of CAR

T cells with antitumor potency exceeding that of T cells generated by standard priming methods, even with

excessive concentrations of tethered antibodies.®* Moving forward, engineering an optimized T cell

priming platform, where all physical parameters are precisely orchestrated, offers a promising path toward

achieving superior immunotherapeutic outcomes.

Information describing the materials and methods, flow cytometry data, with statistics, showing

the impact of antibody surface density on IFNy, CD69 and CD107a expression, SEM analyses of the

nanoarrays as well as details further explaining the Membrane Fluctuation Model is available in the Supporting

Information file.
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Materials and Methods

Fabrication of the arrays. Dense monolayers of 200 nm polystyrene nanoparticles were fabricated to
silicon substrates using a previously reported method. Briefly, polystyrene nanoparticles (Polyscience,
Inc.) were suspended in 2:1 mixture of water:ethanol, and the solution was slowly dispensed from
automatic syringe on the surface of Langmuir-Blodgett through filled with DI water, using a glass
skinned positioned on the through barrier at an angle.* Larger polystyrene nanoparticles were assembled
by mechanical rubbing of particle powder between to PDMS surfaces, and the particle monolayer
formed on PDMS was mechanically transferred to silicon using PEI adhesive film.2 The assembled
particles were trimmed to half of their diameter using oxygen plasma etching. Then, a thin film of Ti/Au
(2 nm/5 nm) was deposited through the formed polystyrene mask by electron beam evaporation, and
liftoff in hot chlorobenzene removed the particle, leaving silicon disks surrounded by Au. For electron-
beam patterned arrays, silicon substrates were first coated with Ti/Au (1 nm/5nm) by electron beam
evaporation, and by a film of positive e-beam resist (PMMA, 950 K). The films were then exposed by
electron-beam writing tool (EBPG 5150), and developed for 1 minute in MIBK:IPA 1:3 solution. The
resulting surfaces consist of arrays of silicon nanodisks surrounded by a gold background.

Biofunctionalization of the arrays. Prior to functionalization, samples were cut into 1x1 cm and were
fixed to the underside of a bottomless 96-well plate using PDMS as sealant. In this way, cells could be
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directly incubated over the samples and would interact solely with the functionalized arrays. The plates
were then treated by UV-o0zone (Novascan) to activate the native oxide layer of the silicon nanodisks,
which were subsequently functionalized using 3-aminopropy! triethoxysilane (APTES, Merck). For
this, samples were incubated 30 min in a 5% ethanolic solution of APTES, followed by 30 min baking
at 60°C. The amine terminated nanodisks were then derivatized with biotin by soaking overnight in a
1 mM aqueous solution of biotin N-hydroxysuccinimide ester (NHS-Biotin, ThermoFisher). To
minimize nonspecific interactions, the gold background was passivated using a 0.5 mM ethanolic
solution of mercapto polyethylene glycol (thiol-PEG3400, Nanocs). The plates underwent a final
sterilization step by 1 hour soaking in ethanol and all ensuing steps were performed in a sterile laminar
flow using sterile buffers. Green-fluorescent avidin (Neutravidin Oregon Green 488, ThermoFisher),
was coupled to the biotin terminated nanodisks by incubation for 90 min at a concentration of 25 pg/mL
in phosphate buffered saline (PBS) with 2% bovine serum albumin (BSA). The plates were thoroughly
rinsed with PBS containing 0.1% Tween20 (PBST), and then with PBS only. Finally, the samples were
biofunctionalized with antibodies by 90 min incubation in a 1:1 mix of biotinylated anti-human CD3
(OKT3 clone) and anti-human CD28 (both from Biolegend) at a concentration of 2 ug/mL in PSB with
2% BSA. Finally, the samples were consecutively washed with PBST and PBS and were directly used
for cell experiments.

PBMC isolation and activation. Peripheral blood mononuclear cells (PBMCs) were isolated from fresh
blood samples that were taken from an adult volunteer as approved by the Helsinki Ethics Committee
(approval no. 0062-23-SOR). Isolation was performed using the FICOL gradient. First, blood was
diluted with PBS augmented with 2% fetal bovine serum (FBS), at a 1:1 ratio, then loaded on FICOL
gradient, and centrifuged at 16°C at 1200 g (with no breaks or acceleration). The PBMCs were collected
as the middle disc and a small portion of the underlying phase but taking care not to withdraw the pellet,
washed three times with at least 1:2 ratio of PBS in 2% FBS at room temperature, and sedimented at
500 g. The cells were finally suspended in the final medium in the ratio of 2 mL per 7 mL of collected
blood, counted, and diluted with the medium to final concentration of 1x10° cells per mL. The cells
were then seeded onto the surfaces in the growth medium containing <2% serum and 50 units of IL-2
and left inside incubator to adhere for up to 18 h.

Flow cytometry. For flow cytometry measurements, 50 000 cells were used per well. The cells were
stained with respective fluorophore-conjugated antibodies at 1:1000 dilution and incubated for 30
minutes on ice. Thereafter, the cells were washed, and the dead cells were stained with DAPI (1:1000
in PBS). All the samples were analyzed on a CytoFLEX LX flow cytometer (Beckman Coulter). For
analysis, the fraction of CD3-positive cells was calculated, and CD3-positive cells were then analyzed
for staining with the other antibodies employed for staining. The antibodies used for staining were PE
anti-human CD3, FITC anti-human CD4, APC Fire 750 anti-human CD8, APC anti-human CD69, and
PerCP-Cy5.5 anti-human CD107a (all from Biolegend).

Fluorescence and scanning electron imaging. Two sets of samples with nanoarrays were
biofunctionalized as detailed previously without being mounted in 96-well plates. Instead, they
were placed in 24-well plates into which PBMCs were seeded. After incubation overnight, cells
were fixed in 4% paraformaldehyde at 4°C for 15 min. One set was used for fluorescent
microscopy while the other was dedicated to scanning electron microscopy. For fluorescence, the
cells were stained for cytoskeleton using AlexaFluor 555 Phalloidin (ThermoFisher), mounted
with DAPI containing medium (Abcam), and imaged with a Zeiss LSM 880 confocal microscope.
For the other set, the fixed cells were treated with three successive dips in absolute ethanol for



5 min each, then dried in a critical point dryer, sputtered with a thin layer of gold and imaged using
a Verios 460L HRSEM.

Statistics. For the flow cytometry experiments, each condition was prepared in triplicate and cells
in each individual well were measured. For gating, antibody-positive population were set against
the negative control which consisted of naive PBMCs cultured in standard conditions. Results over
the triplicates were then averaged. Statistical analyses were performed using Prism (GraphPad),
assuming that the data is normally distributed and homogeneity of variance, ANOVA and Tukey
post hoc testing were performed to compare between datasets. Results were considered significant
for p<0.05.

Impact of antibody surface density on interferon gamma expression

For IFN-y detection, PBMCs were seeded at a density of 10° cells/ml onto the surfaces and stimulated
18 hours. Following incubation, the supernatant was aspirated and centrifuged at 4 °C for 10 minutes.
The debris-free medium was then collected and used immediately. IFN-y release intensity was
guantified by enzyme-linked immunosorbent assay using the protocol provided by BiolLegend.
Results are shown in Figure S1. ANOVA as well as a Tukey post hoc test were performed (Table S1).
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Figure S1. IFNy secretion by PBMCs on surfaces without and with 400 to 40000 antibodies per pm?.



Table S1. Statistical analysis. Differences were considered significant for p<0.05.

Tukey's multiple comparisons test Mean Diff. | 99.90% CI of diff. | Significant? | Summary | Adjusted P Value
NC (PEG coated Au) vs. 40000 antib. pm? —562.3 —1066 to —58.29 Yes el 0.0005
NC (PEG coated Au) vs. 4000 antib. pm? -531.7  —1036to —27.62 Yes ekl 0.0007
NC (PEG coated Au) vs. 400 antib. pm? —438.7 —942.7 10 65.38 Yes *x 0.0025
40000 antib. um? vs. 4000 antib. pm? 30.67 —473.4 10 534.7 No ns 0.9791
40000 antib. pm? vs. 400 antib. pum? 123.7 —380.4 t0 627.7 No ns 0.4509
4000 antib. um? vs. 400 antib. pm? 93.00 —411.0 t0 597.0 No ns 0.6597
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Figure S2. Influence of anti-CD3/CD28 global surface density on T cell activation. Representative
dot plots and flow cytometry quantification of CD69* populations within CD4* and CD8" T cells.
Continuous surfaces of silicon were modified with various mixes and anti-CD3/CD28 — 1gG2a
according to the protocol described above. The negative control (NC) consists of PEG modified
gold surface. Experiments were performed in triplicate and results were considered significant for
p<0.05.



Impact of antibody surface density on CD107a* expression
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Figure S3. Influence of anti-CD3/CD28 global surface density on T cell degranulation.
Representative dot plots and flow cytometry quantification of CD107a* populations within CD4*
and CD8" T cells. Continuous surfaces of silicon were modified with various mixes and anti-
CD3/CD28 - 1gG2a according to the protocol described above. The negative control (NC) consists
of PEG modified gold surface. Experiments were performed in triplicate and results were
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Figure S4: Example of the fabrication results: (a) Array of polystyrene nanospheres with the
original diameter of 500 nm, after trimming by Oxygen plasma to half of their original
diameter. (b) Array of Silicon disks surrounded by Au mesh obtained after Au deposition and
liftoff. Scale bar: 1 um
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Figure S5: Mean Fluorescence Intensity (MFI) of CD69 expression for CD4+ T cells and
CD8+ T cells stimulated on various antibody clusters and dilutions, as obtained by flow
cytometry. NC and PC stand for negative and positive controls, respectively. The statistical
analysis was performed with Tukey’s multiple-comparison tests using the GraphPad Prism
software. * p < 0.05, * p <0.01, **x p <0.001, *++* p <0.0001, ns: not significant.
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Figure S6: Mean Fluorescence Intensity (MFI) of CD107a expression for CD4+ T cells and
CD8+ T cells stimulated on various antibody clusters and dilutions, as obtained by flow
cytometry. NC and PC stand for negative and positive controls, respectively. The statistical
analysis was performed with Tukey’s multiple-comparison tests using the GraphPad Prism
software. * p < 0.05, ** p <0.01, #++ p <0.001, *++* p <0.0001, ns: not significant.

Figure S7: SEM of 100 nm Silicon Dioxide clusters arranged with the spacing of 2 um. Left: X 8K
magnification, scale bar 5 um, Right: X 25K , scale bar 1 um.



Membrane fluctuation model

In order to explain the results of experimental measurements we have made calculations using
membrane fluctuation model (MFM). This model has already been successfully applied to explain
activation of NK cells.® In MFM, it is assumed that there is a feedback loop between the number of
bonded receptors and the activity of the cell: increasing the number of bindings is increasing activity of
the cell which manifest itself by a growth of fluctuations of the membrane, which, in turn, promotes the
formation of further bonds.

We describe the membrane by its height over the flat substrate h(r), where r is a two-dimensional
vector defining a point on the substrate plane. We assume that the energy of each configuration of the
membrane is given by a Hamiltonian

M
K 2 2 Y 2 A 2
}[membrane = .f@dr [E(V h(r)) + E(h(r) - hO) ] + E}Zl[h(r]) - f] ’ (Sl)

where k is the bending stiffness of the membrane, y is the strength of unspecific potential keeping the
unbound membrane at the average transversal distance from the patterned surface h,. The second term
in the Hamiltonian (S1) describes interaction of the membrane with M antibodies bound to receptors in
positions r; for j = 1,2,3,..., M. Finally, ¢ is the rest length of the antibody-receptor bond that has a
stiffness A. The exact location of antibodies, as well as exact size of a rectangular domain D of
integration, is defined by the pattern on the substrate, as discussed below.

In the MFM, the amplitude of fluctuation of the membrane of an inactive cell o'"2°tVe is increased by
the amplitude o2<tve of fluctuations associated with the activity of the cell. For an inactive cell, which
is not bound to antibodies, the membrane hovers at an average transversal distance h, from the patterned
surface with the Gaussian fluctuations with a standard deviation o™atve = ((h(r) —
ho)?)'/=(64wy) M/,

Upon binding, the activity of the cell may change, giving rise to another component of fluctuations
a2<tive which could enhance the dynamics of the membrane. MFM assumes the relation between g2ctive
and the activity P in a form of a logistic curve:
active 1 P - PO
o P) = = Omax [tanh( > ) + 1]. (S2)
w
Here, the parameters of the model are o,,,,, Which denotes the maximal amplitude of active fluctuations,

P, is the middle value of activity, and 2,, is the width of the sigmoid curve.

Typically, upon the formation of first bonds, a laterally dependent height and fluctuation profile
develops.* This means that, in reality, every antibody experiences a different average height and
fluctuation amplitude a;, depending on the evolution of the bonds in its vicinity, yielding correlations
between binding events. In MFM the fluctuations of the membrane are assumed to be a convolution of
inactive and active fluctuations, and hence, total fluctuation amplitude of the membrane at the position
of the antibody is

N . 1/2
0; = [(O_jlnactlve)2 + (O_actwe)Z] ] (83)

For a given pattern of bound antibodies average height and fluctuation amplitude aji“a“i"e can be
calculated from Hamiltonian (S1) using the method of path integral.



The fluctuation amplitude and the transversal distance of the membrane from the patterned array both
explicitly enter the rates.> Consequently, one should calculate binding and unbinding rates K ,,, and K¢
rates for each antibody j. Notably, these rates should carry the information of the likelihood of finding
a receptor in the binding range of the antibody.

Finally, by knowing the rates, one can calculate the activity of the cell, which is assumed to be related
to the number of formed bonds JV in stationary state given by

N = QKon/(Koff + Kon)- (S4)
Here, o is the total density of antibodies, and K, and K¢ denote average binding and unbinding rates,
respectively. We approximate K, and K¢ as a sum of all K, and K, rates calculated for all antibodies
within a unit area. However, because of the large number of configurations, calculating these averages
is very challenging. We therefore, estimate the average rates by considering only the most probable
scenarios: K, is calculated as a rate of binding of the receptors to an antibody from a fully unbound
membrane, and K is calculated as the rate of bond breaking in a fully bound cluster.

Naturally, this approach provides only an approximation of the correlations in the system. Furthermore,
we sent the likelihood of finding a receptor above the antibody to unity. To compensate for these
approximations, we define the activity of the cell as P = W' /p:

P = Kon/(Koff + Kon)- (85)
Consequently, 63°t’¢ is enhanced for low densities of antibodies where the collective binding may be
of importance, and reduced for larger densities where the limited number of receptors is relevant. This
is clearly different from the original application of MFM? (where the activity of cell was related to V'),
in which the densities of ligands on the substrate were not exceeding 250 ligands/pum? and were much
lower than densities of up to 9000 antibodies/um? present in the current experiment for undiluted
antibodies. This guaranteed larger distances between ligands, smaller total densities of bonds, and the
number of receptors available on the cell membrane was not a limiting factor. As a result, both of the
effects described above were not relevant, and explicit density dependence was maintained. Notably,
for our calculations of cell activity at low densities (1% dilution, low and high level of clustering), both
approaches provide the same conclusions, as the overall density g is identical in systems that are being
compared.

In the calculations without a feedback, we assume the fluctuations to be only inactive by taking g3tve =
0, regardless of the value of P. For the calculations with the feedback loop we calculate 6<%"¢ from the
sigmoid relation (S2) and increase the fluctuations of the membrane following Eq. (S3). This yields
new K¢ and K, and update in the cell activity P, and consequently a new o2°%"e, until the steady state
is achieved. The results are presented in Fig. 3b and Fig. 4b of the main text.

The sigmoid curve (S2) has been fitted graphically to make the feedback loop mechanism work most
efficient for moderate densities of antibodies (dilution 10%). While this naturally, overemphasizes the
correlations in this range of parameters, as seen in experiments, it provides a good response at the
density extremes (no dilution and dilution to 1%), as argued above. The numerical values of all the
parameters used in our calculations are presented in Table S2.



Table S2: Numerical values of parameters used in calculations.

name of parameter symbol value used in
calculations

strength of potential acting on the Y 4 x 105 kgT /pum*

membrane

equilibrium height of the membrane ho 80 nm

bending stiffness of the membrane K 30 kgT

length of bond coupling ? 40 nm

bond spring constant A 2.5 X 10* kT /um?

binding pocked on the receptor a 10 nm

intrinsic affinity of bond R 9 kgT

maximum of active fluctuations Opax D Nm

half fluctuation density P 0.715

width of activity curve P 0.19

diameter of antibody Aantibody S NM

Patterned substrate

In order to model the experimental system of a pattern consisting of circles of the diameter d, forming
a hexagonal lattice with spacing p with antibodies attached only inside the circles with a dilution ¢, we
have used the following protocol: First, we set the system shape D to be a rectangle with periodic
boundary conditions (see top row of Fig. 3 in the main text). We choose the width and height of it to be

the smallest possible integer multiple of p and ‘/;p, respectively, for which both width and height are

not smaller than 5§, where §, = (re/y)*/* is the membrane correlation length in the direction parallel
to the substrate. This way we ensure that the periodic boundary conditions do not affect the calculations
significantly. Second, we place circles of diameter d in the domain D to form a hexagonal lattice.
Antibodies are placed on a regular square pattern with a spacing d,pinody €qual to their typical size. In
the third step, we remove the antibodies that do not lay inside the circles forming a hexagonal lattice.
Finally, we include the dilution ¢ of active antibodies by removing each antibody with a probability
1 — c. This way we determined the number of antibodies M and their locations r; within the domain
D. These parameters were then used in Hamiltonian (S1) for further calculations as described in the
previous subsection.

We note that while for a system with 100% dilution of active antibodies, pattern of antibodies generated
by the above method is fully deterministic, for smaller dilutions the exact locations of antibodies are
subject to randomness. For this reason, for each system with a dilution ¢ < 100% we have repeated the
calculation of the percentage of bound antibodies several (not less than 10) times. In the main text we
present averages of these calculations and, as we have checked, the dispersion of the results was in each
case below the resolution of our graphs.

In special case of the positive control (PC) patterns, where the whole substrate is covered by antibodies,
we have taken D to be a square of the size 5§, and we have skipped the third step of the protocol of

placing antibodies described above.

In order to keep the computational time reasonable, we have decided to treat separately the special



pattern with d = 1000 nm, p = 2000 nm, and ¢ = 100%. In this case, the distance between circles
forming hexagonal pattern exceeds 5. We have, therefore considered an infinite system (D = R?)
with a single circle of active antibodies of the radius d in the origin, rather than periodic boundary
conditions. This greatly reduced the computation time, for the price of ignoring possible correlations
on the membrane at distances larger than 10 correlation lengths. According to previous calculations,*
this should not affect the obtained results.
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